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INTRODUCTION 20
The oscine passerines (Order Passeriformes) are songbirds having specialized vocal 21 learning capabilities. Many species of songbirds have been widely used by neuroscientists to 22 study the processes underlying memory and learning and social interactions (Doupe et al. 1999, 23 White 2010). The song sparrow (Melospiza melodia) is one of the most morphologically diverse 24 songbirds found in North America, with 26 recognized subspecies (Pruett et al. 2008 ). It has 25 been recognized as a model vertebrate species for field studies of birds and has been the subject 26 of extensive research integrating behavioral and ecological studies over the last 70 years (Arcese 27 et al. 2002) . Though several species of songbirds have been sequenced and studied (Warren et al. 28 2010, Jarvis et al. 2014) , few offer the plethora of biomedical research potential presented by the 29 song sparrow. For example, differences in neural growth and song-center brain development 30 among different populations of song sparrows could play an instrumental role in basic research 31 involving human brain neurogenesis (NIH 2001) . The molecular processes underlying the 32 regeneration of "hair" cells in the auditory system of song sparrows might also provide therapies 33 useful in human hearing loss (Hawkins et al. 2003, Hawkins and Lovett 2004) . Several other 34 areas of biomedical research in which the song sparrow might serve as a model system are 35 hepatic lipogenesis (Gosler 1996 , Schubert et al. 2007 ), craniofacial development (Brugmann et The last of these is a polygenic trait, and elucidation of the underlying gene network affecting 38 different metabolic pathways can help clarify several biological phenomena, including human 39 diseases. Given its significant biomedical potential and experimental tractability in the field and 40 aviary, the song sparrow will continue to be used for answering research questions related to 41 mechanisms causing variation in behavior, morphology, and demographics across populations 42 (Arcese et al. 2002 , Nietlisbach et al. 2015 . 43
Prior work on population genetics of song sparrows in Alaska has shown how sequential 44 bottlenecking of populations in the Aleutian Archipelago has given rise to a naturally inbred 45 population with large body size (Pruett and Winker 2005) . Previous work has also been done on 46 4 the song sparrow transcriptome, developing genomic markers to screen at population levels 47 (Srivastava et al. 2012 
Chicago library preparation and scaffolding the draft genome 88
To improve the de novo assembly, a Chicago library was prepared at Dovetail Genomics 89 using previously described methods (Putnam et al. 2016) . Around 500 ng of high-molecular-90 weight genomic DNA (mean fragment length = 50 kbp) was used for chromatin reconstitution in 91 vitro and fixed with formaldehyde. Fixed chromatin was digested with DpnII, the 5' overhangs 92 6 filled in with biotinylated nucleotides, and free blunt ends were ligated together. After ligation, 93 crosslinks were reversed and DNA was purified from protein. Purified DNA was treated to 94 remove biotin that was not internal to ligated fragments. Next, DNA was sheared to ~350 bp 95 mean fragment size and sequencing libraries were generated using NEBNext Ultra enzymes 96 (New England Biolabs, Ipswich, MA, USA) and Illumina-compatible adapters. Biotin-containing 97 fragments were isolated using streptavidin beads before PCR enrichment of the library. The genomic distance between read pairs, and the model was used to identify and break putative 105 misjoins, to score prospective joins, and make joins above a threshold. After scaffolding, shotgun 106 sequences were used to close gaps between contigs. 107
Identification of microsatellites and transposable elements 108
Transposable elements (TEs) in the song sparrow genome were identified using a 109 combination of de novo and homology-based TE identification methods, in addition to a manual 110 curation step (Platt et al. 2016 ). First, we used RepeatModeler v1.0.11 (Smit and Hubley 2008-111 2015) with default parameters (File S1) to generate a custom repeat library consisting of 672 112 consensus repeat sequences. RepeatModeler uses two de novo repeat identification programs, 113 using the largest scaffolds making up 95% of our genome assembly, and all scaffolds greater 156 than 100 kbp in the Zebra finch genome (File S11). The zebra finch was selected because it was 157 the first fully sequenced songbird genome, it is one of the most complete bird genomes, and it is 158 often used for comparative genomic studies in birds. against the song sparrow genome using Infernal's "cmscan" program (File S13). All low-scoring 172 overlapping hits and hits with an E-value greater than 10 -5 were discarded, and the remaining 173 ncRNAs were grouped into different classes. 174
Lastly, we compared the predicted classes of different ncRNAs in the song sparrow 175 genome to those reported in the genomes of related birds, Figure S1 contains the distribution of the percentage of annotated 207 genes with their corresponding AED scores. 208
209

RESULTS AND DISCUSSION 210
Assembly 211
We produced the de novo genome assembly of song sparrow, with a total length of 978.3 212
Mb, using a Chicago library and the HiRise assembly pipeline. The N50 scaffold size was 5.6 213 Mb and contig size was 31.7 Kb. This assembly showed significant improvement over the initial 214 shotgun assembly, with a 169-fold increase in scaffold N50 and a 60-fold increase in scaffold 215 N90 (Table 1) . These increases in scaffold size were also accompanied by an increase in 216 assembly contiguity, with the total number of scaffolds decreasing from 74,832 to 13,785 (Fig 1,  217 Table 1). 218
Microsatellites and Transposable Elements 219
In total, 89 as yet unnamed TEs were identified in the song sparrow genome. Fifty-five of 220 these did not have any significant matches in CENSOR (Kohany et al. 2006 ) and are considered 221 novel (File S14). A TE was considered to have a significant match to a known element in 222 CENSOR only when it had a length of at least 80 bp and 80% identity to the known element over 223 were found to be most abundant ( Table 2 ). The song sparrow genome assembly was found to be 228 less repetitive when compared to sequenced genomes of related songbirds, primarily due to the 229 lower content of LTRs and LINEs than other songbirds (Fig 2) . 230
Overall, 112,419 microsatellites with motifs ranging in size from 2-20 bp were found in 231 the song sparrow genome (File S15 contains all microsatellites with their genomic locations). 232
The majority of the microsatellites were made up of 2-, 3-, 4-, and 5-mers, with 2-mers making 233 up about 71% of all microsatellites identified (Fig 3, File S16) . The distribution of the top base-234 pair composition of microsatellite motifs present in the genome is shown in Fig 4. The frequency 235 of occurrence of microsatellites in every scaffold and a distribution of their lengths are provided 236 in Files S17 and S18, respectively. 237
Gene annotation and function prediction 238
The MAKER genome annotation pipeline predicted 15,086 genes and 139 pseudogenes 239 in the song sparrow genome, fewer than T. guttata, F. albicollis, and M. vitellinus, but higher 240 than G. fortis (Table 3 ). The average gene length, exon length, intron length, and the total 241 number of exons and introns predicted are also less compared to closely related species (Table  242 3). Out of the 15,086 predicted genes, 12,541 genes were assigned putative functions with 243 BLASTP (File S19). InterProScan assigned functional domains to 11,298 (74.9%) predicted 244 genes (File S20). A total of 7,010 genes obtained GO annotations. Pathway annotations were 245 assigned to 2,716 genes. 246
Annotated genes were assigned annotation edit distance (AED) scores with values 247 ranging from 0 to 1. AED is a distance metric score that signifies how closely gene models 248 match transcript and protein evidence. Gene models with AED scores closer to 0 have better 249 alignment with the evidence provided in the MAKER pipeline. A distribution of the percentage 250 13 of genes with their corresponding AED scores shows close similarity of the annotated genes with 251 the transcript and protein evidence provided in the MAKER pipeline ( Fig S1) . 252
The song sparrow genome assembly contained 4,318 complete universal single-copy 253 orthologs (BUSCOs; 87.9%) from a total of 4,915 BUSCO groups searched. Among all complete 254 BUSCOs, 99.4% were present as single-copy genes and 0.6% were duplicated. About 7.4% 255 (356) of the orthologous gene models were partially recovered, and 4.9% (241) had no 256 significant matches. The incomplete and missing gene models could either be partially present or 257 missing, or could indicate genes that are too divergent or have very complex structures, making 258 their prediction difficult. Incomplete and missing gene models could also suggest problems 259 associated with the genome assembly and gene annotation. The results from the BUSCO analysis 260 are in agreement with the Circos plot ( Fig 5) , in which few scaffolds in the zebra finch genome 261 assembly are not represented in our assembly and very few small translocations exist between 262 the two genome assemblies. 263
Non-coding RNA prediction and identification 264
A total of 267 tRNAs were detected in the song sparrow genome by tRNAscan-SE (see 265
File S21 for sequence and structure of tRNAs), out of which 129 were found coding for the 266 standard twenty amino acids. The predicted output from tRNAscan-SE (File S22) contained 114 267 tRNAs with low Infernal as well as Isotype scores; these were characterized as pseudogenes 268 lacking tRNA-like secondary structures (Lowe and Chan 2016). Two tRNAs had undetermined 269 isotypes and 22 were chimeric, with mismatch isotypes. Chimeric tRNAs contain point 270 mutations in their anticodon sequence, rendering different predicted isotypes than those predicted 271 by structure-specific tRNAscan-SE covariance models. Among all predicted tRNAs, 11 272 contained introns within their sequences. No suppressor tRNAs and tRNAs coding for 273 14 selenocysteine were predicted. The subset of 10 randomly selected tRNAs was also predicted in 274 many other species in both GtRNAdb and tRNAdb databases. 275
Infernal searches predicted a total of 364 ncRNAs in the song sparrow genome, 276 comprising 166 miRNAs, 8 rRNAs, 154 snoRNAs, 16 snRNAs, and 20 lncRNAs (File S23). 277
Compared to the genomes of related avian species (T. guttata and F. albicollis), the song sparrow 278 genome has the highest number of predicted tRNAs, but fewer other ncRNAs (Table 4) . (Table S1 ) are slightly higher than our genome assembly 289 (978.3 Mb); this could be due to the low TE content observed in the song sparrow. Vertebrate 290 genome sizes are typically correlated with TE content and birds are no exception (Kidwell 2002, 291 Gregory and Elliott 2015). Indeed, birds, along with bats, are proposed to have been subject to 292 extensive DNA loss via an 'accordion model' of genome evolution (Kapusta et al. 2017 ). Our 293 data suggest that, among birds, the song sparrow may have been particularly susceptible to the 294 segmental deletions that are critical to this model. The small genome size of the song sparrow 295 can also be attributed to the compression of repetitive regions, which is generally observed in 296 assemblies generated from short-read sequencing data. This is also consistent with the fact that 297 our genome contains fewer repeats when compared to related songbirds (Fig 2) . Although short 298 reads limit our ability to characterize all genomic repeats, we have been able to resolve the vast 299 majority of repeats into LINEs, SINEs, LTRs, and DNA retrotransposons (Fig 2, Table 2 ). 300
Our genome is highly complete, with 87.5% full-length genes present out of 4,915 301 universal orthologous genes in avian species. A large set of genes (15,086) with known 302 homology to related birds was annotated in our study. A majority of these genes (83%) were 303 assigned with putative functions. The improved scaffold lengths and gene model annotations will 304 facilitate studies to identify genes responsible for multiple phenotypic traits of interest. 305
Additionally, longer scaffolds in the Chicago HiRise assembly will help detect regions under 306 selection, including SNPs and structural variants such as insertions/deletions or copy number 307 variations which are potentially responsible for the phenotypic diversity observed in this species. 308
Though we report fewer miRNAs, snRNAs, snoRNAs, rRNAs, and lncRNAs in this 309 genome than in related songbirds, we have high confidence in the predicted ncRNAs because we 310 used conservative cutoffs to reduce false positives. Pending the availability of long-read data, 311 this genome assembly provides an excellent reference for a range of genetic, ecological, 312 functional, and comparative genomic studies in song sparrows and other songbirds. 313 solely the responsibility of the authors and does not necessarily reflect the official views of the 317 NIH. We also thank David Sonneborn and Jack Withrow for their roles in making a vouchered 318 specimen available for our work. We thank the staff of Dovetail Genomics for help in preparing 
